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We study the propagation of surface spin waves in two wave guides coupled through the dipole-
dipole interaction. Essential for the observations made here is the magneto-electric coupling between
the spin waves and the effective ferroelectric polarization. This allows an external electric field to
act on spin waves and to modify the band gaps of magnonic excitations in individual layers. By
an on/off switching of the electric field and/or varying its strength or direction with respect to
the equilibrium magnetization, it is possible to permit or ban the propagation of the spin waves in
selected waveguide. We propose experimentally feasible nanoscale device operating as a high fidelity
surface wave magnonic gate.
Magnetostatic surface waves (MSSWs)1–9 are key ele-
ments for magnonic-based information transfer and pro-
cessing. For realizing efficient magnonic circuits, reli-
able coupled MSSW waveguides are essential, as they
serve as information channel or signal splitter10,11. In
the present work, we propose a scheme of an electric-field
controlled coupled surface MSSWs. Microscopically, the
mechanism is driven by spin-orbit coupling that leads
to the emergence of a spin-driven electric polarization
coupled to spin-noncollinearity, as discussed for example
for Yttrium iron garnet (YIG)12,13. The mechanism can
be viewed as a dynamical Dzyaloshinskii Moriya (DM)
coupling, and will be named as such hereafter. Thus,
an external electric field that affects the electric polar-
ization steers indirectly the spin order. In this work
we will focus on YIG as it has low magnetic damp-
ing constant, meaning magnetic losses are negligible on
relatively short time scale14. The remarkable property
of MSSWs is their chiral nature. The chiral character
of MSSWs is a purely dynamical effect related to the
off-diagonal part of the dynamic dipole-dipole interac-
tion. The dynamically induced chirality leads at least
to two exciting phenomena: The non-reciprocal localiza-
tion of MSSWs propagating perpendicular to the mag-
netization direction in an in-plane magnetized thin film,
and b) the ban on the backscattering, i.e., robust spin-
wave modes with the frequency located inside the volume
modes (VM) gap, see15–18, and references therein. In the
present work, we study the influence of the dynamical
DM interaction on the backscattering-immune frequency
region in a single MSSW and coupled wave guides which
are coupled via the dipole-dipole interaction. We show
that the non-reciprocal localization of MSSWs in the cou-
pled wave guides leads to non-reciprocal SW dispersion.
Through the DM interaction term, an electric field influ-
ences the MSSWs dispersion relations and changes the
backscattering-immune frequency region. Furthermore,
we study the transfer of MSSWs between two coupled
wave guides.
I. THEORETICAL MODEL
For studying the effect of an applied external elec-
tric field on the excitation and propagation of MSSWs
in a thin YIG film, we start from the Landau-Lifshitz-
Gilbert (LLG) equation supplemented by the magneto-
electric coupling term19,20
∂M
∂t
= −γM×
(
Heff − 1
µ0Ms
δEelec
δm
)
+
α
Ms
M× ∂M
∂t
.
(1)
Here M = Msm, Ms is the saturation magnetization,
γ is the gyromagnetic ratio, µ0 = 4pi × 10−7 N/A2 is
the permeability, and α is the phenomenological Gilbert
damping constant. The effective field Heff =
2Aex
µ0Ms
∆m+
Hdemag +H0y consists of the exchange field, the demag-
netization field, and the external magnetic field applied
along the y axis. Aex is the exchange constant. The
magnetoelectric coupling term Eelec = −E · P describes
the coupling between the spin-driven ferroelectric polar-
ization P and applied external electric field E. This fer-
roelectric polarization of YIG in the continuous limit has
the form P = cE [(m·∇)m−m(∇·m)] which makes clear
the similarity to the Dzyaloshinskii Moriya interaction
(DMI). Microscopically, the macroscopic effective electric
polarization is magnetically driven. The dynamic spin
non-collinearity results in an effective electric polariza-
tion P. The driving mechanism is effectively a dynamic
DMI with a DMI vector D = −J eaESO E× en,n+1, as dis-
cussed for example in Ref. [13]. Here, ESO = ~2/2meλ2,
J is the exchange coefficient, me is the mass of the elec-
tron, e is the electron charge, λ is the spin-orbital cou-
pling constant, en,n+1 is the unit vector connecting the
magnetic ions. For the parameters |E| = 3.4 MV/cm,
ESO =3.4 eV (λ = 1A˚) and a = 12 · 10−10 m, the ef-
fective DMI constant scales with the exchange constant
D/J = 0.12. This estimation is in line with experimental
observations in Ref. [12]. The demagnetization field in
presence of the magnetic dipole-dipole interaction reads
Hdemag(r) = −Ms
4pi
∫
V
∇∇′ 1|r− r′|m(r
′)dr′. (2)
In numerical calculations, we adopt the material pa-
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FIG. 1. The spin-wave dispersion relation simulated for a
single film in the presence of an electric field Ez along the z
direction with the amplitude: Ez = 0 (a), Ez = 3.4 MV/cm
(b) and Ez = −3.4 MV/cm (c). The MSSWs and volume
modes (VM) are shown by the black solid lines and red dashed
lines, respectively.
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FIG. 2. Spatial profiles of MSSWs amplitudes propagating
in the single film without electric field (Ez = 0). MSSW
is excited in x = 0 by the local microwave field h(t). The
frequency of the field is equal to 5 GHz.
rameters for YIG: Ms = 1.4× 105 A/m, Aex = 3× 10−12
J/m, the damping constant α = 0.001 and magneto elec-
tric coupling cE = 0.9 pC/m. The magnetic field of the
amplitude H0 = 4× 105 A/m is applied along the y axis
(cf. for example Fig.2).
II. SPIN WAVE DISPERSION
We utilize Eq. (1) and numerically explore the dis-
persion relation of MSSWs. Simulations are done for a
20nm× 10µm× 20nm unit simulation cell covering a sin-
gle film with a size of 30µm × 10µm × 80nm. For the
numerical integration of the LLG equation (Eq. (1)),
we utilize the Dormand-Prince method (RK45) with a
fixed time step of 0.5 ps. To calculate the SWs and
dispersion curves, at first we let the magnetization to
relax to the stationary state. Afterwards the station-
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FIG. 3. The simulated spin-wave dispersion relation in (a)
single film (the equilibrium magnetization is oriented along
the +ey (↑) or −ey (↓)) direction. (b) Same for two films with
parallel equilibrium magnetization (m0,1 and m0,2 with both
aligned along ↑↑ or ↓↓). (c) Two films with anti-parallel equi-
librium magnetization (m0,1 =↑ and m0,2 =↓). If m0,1 =↓
and m0,2 =↑ i.e, in the case of anti-parallel equilibrium mag-
netization of the films, the dispersion relation is asymmetric
with respect to the point kx = 0. Black solid and red dashed
curves for the coupled layers represent acoustic and optic sur-
face wave modes, respectively.
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FIG. 4. Spatial profiles of MSSWs amplitudes propagating
in two films with parallel ground state magnetization with-
out electric field (Ez = 0). The local microwave field h(t) is
applied at the edges of both films x = 0. The frequency of
microwave field is equal to 5 GHz.
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FIG. 5. Spatial profiles of MSSWs amplitudes propagating in
two films with antiparallel ground state magnetization. The
local microwave field h(t) is applied at the edges of both films
x = 0. The frequency of microwave field is equal to 5 GHz.
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FIG. 6. Schematics of the dipolar coupled SW waveguide.
Two magnetic films lying in x-y plane are separated by a
spacer along the z direction. The SW excitation antenna (red
region) is located in the center of the lower magnetic layer.
With respect to the center, each magnetic layer is divided
into two zones, and the output power of SWs are detected at
4 terminals (Pi,out).
ary state we consider as the ground state and the SW
excitation we add on top of the ground state. To ex-
cite SWs in a wide frequency range, we utilize periodic
field pulse h(t) = hay sin(2pifHt)/(2pifHt), with the am-
plitude ha = 1 T and cutoff frequency fH = 25 GHz,
applied locally to the region of the sample x = 0. We an-
alyze the fluctuation statistics extracted from each cell
Mx during the 200 ns of observation with the time step
20 ps. The frequency resolution of the obtained spec-
trum is 0.005 GHz. To calculate the SW dispersion rela-
tion we use two-dimensional fast Fourier transformation
(FFT) Mx(kx, f) =
1
N
∑Nz
i=1 F2[Mx(x, zi, t)]. Here, zi is
the i-th cell along z axis, and Nz is the total cell num-
ber along z axis. Simulations done for the cell size of
10nm × 10µm × 10nm (not shown) lead to identical re-
sults. The local equilibrium magnetization is parallel to
the y axis and MSSW propagates along the x axis.
An applied electric field (along the z axis) causes in an
asymmetry in the spin wave (SW) dispersion relations
of MSSWs. The results for the single film is shown in
Fig. 1. The positive electric field Ez shifts the dispersion
relation towards the lower left side, while the negative
Ez shifts it towards the lower right side.
The dispersion relation of MSSW, (see Fig.1) calcu-
lated for the single film has a minimum in the point
kx = 0. Profiles of amplitudes of propagating MSSWs
are presented in Fig. 2. As we see, the amplitude of
the MSSW propagating in the +x direction has a maxi-
mum in the upper surface (z = 80 nm) Fig. 2, whereas
in contrast amplitude of the MSSW propagating in the
reversed direction −x has a maximum in the lower sur-
face. Reversing of the local magnetization switches the
upper/lower surfaces (not shown). Thus localization of
the MSSW either in the upper/lower surfaces has a chiral
character.
As a next step, we consider two coupled MSSW wave
guides and analyze the MSSW dispersion relation for
two coupled wave guides. A spacer of the thickness
σ = 40nm is inserted between the two films of the same
thickness t = 80 nm. The dipolar coupling between the
films leads to the formation of the ”acoustic” and ”op-
-0.04 -0.02 0.00 0.02 0.04
3
6
-0.04 -0.02 0.00 0.02 0.04
3
6
-0.04 -0.02 0.00 0.02 0.04
3
6
kx (nm
1)
 
f  
(G
H
z) (a)
kx (nm
1)
(b)
 
 
f  
(G
H
z)
(c)
 
 
f  
(G
H
z)
kx (nm
1)
FIG. 7. The spin-wave dispersion relation, analytical result:
(a) the single film (magnetization is aligned along the +ey
(↑) or −ey direction (↓)), (b) two parallel coupled films (m0,1
and m0,2. Magnetization in both films is aligned along the ↑↑
or ↓↓) directions and (c) two coupled films, directions of mag-
netization in films are antiparallel (m0,1 =↑ and m0,2 =↓).
tic” modes21,22. The dispersion relation of the coupled
MSSW modes is shown in Fig. 3. When two films have
the same equilibrium magnetization (Fig. 3(b)), the dis-
persion relations have an axial symmetry with respect
to the point kx = 0. In both films, the amplitudes of
MSSWs are stronger at upper or lower surfaces, depend-
ing on the orientation of the equilibrium magnetization
and the propagation direction (Fig. 4). For two films
with opposite magnetizations (Fig. 3(c)), the dispersion
relations become rather different and asymmetric. The
gap between the two MSSW modes is much larger for the
MSSWs propagating in the negative −x direction. Due
to opposite magnetizations, the stronger MSSWs are lo-
cated at different surfaces of the two films, as is shown
in Fig. 5. Switching of the magnetization direction ei-
ther in the case of a single or for the two parallel films
has no impact on the MSSW dispersion relations, while
in the antiparallel films the dispersion is flipped relative
to the point kx = 0. Hence, the MSSW dispersion rela-
tion becomes chiral and nonreciprocal when the films are
antiparallel.
III. ANALYTICAL MODEL
We develop a simple analytical model to understand
the MSSW dispersion relations for both single and cou-
pled magnetic films. We apply the constant electric field
along the z axis E = (0, 0, Ez), while the static equi-
librium magnetization is oriented parallel to the y axis
m0,p = ±ey. Magnetization vectors in the first and
the second p = 1, 2 films have the form mp(r, t) =
m0,p + msw,pexp(i(κ · r + ωt)). Here, msw,p  1 is
4the small deviation of magnetization from equilibrium.
The wave vector κ is a sum of the in-plane wave vec-
tor k = kxex + kyey and the perpendicular (to the xy
plane) wave vector kz. We insert the magnetization vec-
tor mp(r, t) into the Eq. (1) and deduce:
i(ω − ωE)mk,p = m0,p ×
∑
q
Ωˆpq ·msw,q. (3)
Here, p, q = 1, 2 enumerates the layers, and the tensor
Ωˆpq has the form:
Ωˆpq = ωexδpq Iˆ + ωM Fˆ(dpq). (4)
Here, for the sake of brevity we introduce the following
notations: ωex = γH0 + aexk
2, aex = 2γAex/(µ0)Ms,
ωM = γMs, and ωE = 2(m0,p · ey)γcEEzkx/(µ0Ms).
The wave vector k =
√
k2x + k
2
y, the distance between
two wave guides dpq = t+σ, and σ is the gap between the
wave guides. The dynamic magneto-dipolar interaction
is described by the tensor10,23,24 Fˆ:
Fˆ(dpq) =
∫
Nˆ(dpq)e
ik·r d
2k
(2pi)2
,
Nαβ(dpq) =
1
h
∫
Dp(kz)D
∗
q (kz)
κακβ
κ2
eikzdpq
dkz
2pi
.
(5)
Here, the ”shape amplitude” Dp(kz) =∫ hs/2
−hs/2m(z)e
−ikzzdz describes the influence of the
finite thickness of the thin film. The pictorial plot of
the system is shown in Fig. 6. The SW waveguide
consists of two thin magnetic films positioned in the x-y
plane. The thickness of the films is t. In Z direction
the films are separated by a spacer with thickness σ.
The distance between the centers of films is d12 = t+ σ.
Each film is divided into two regions. The output power
of the SW is detected in four ports Pi. The spin wave
is excited by an antenna attached to the bottom of the
lower film (red region). MSSWs mainly are located near
the upper or lower surface (cf. Fig. 2). We introduce
thus a localization thickness hs which is shorter than
the real thickness t. Due to the dipolar coupling at
the boundaries, the thicknesses of the MSSW profiles
in different films are identical and pinned together.
Therefore, we use the same ansatz m(z) ∼ cos(kpzz) to
describe the induced nonuniform thickness profiles in
both films.
From Eq. (3), we obtain the expressions for the dis-
persion relations of the MSSW modes. The dispersion
relation for the MSSW mode in the isolated film reads
ω(k) =
√
ΩxxΩzz + ωE
=
√
[ωex + ωMF xx(0)][ωex + ωMF zz(0)] + ωE .
(6)
From Eq. (6), we evaluate the difference between fre-
quencies of counter propagating spin waves, ∆ω =
|ω(|kx|)− ω(− |kx|)| = 4γcEEzkx/(µ0Ms). This result
is similar to earlier studies25. The dispersion relation for
two coupled layers with the same local magnetization is
ω(k) =
√
[Ωxx ± ωMF xx(d12)][Ωzz ± ωMF zz(d12)] +ωE .
(7)
If the magnetizations of the layers are opposite to each
other, the dispersion relation takes the form
ω(k) = [ω2E + Ω
xxΩzz − F xx(d12)F zz(d12)ω2M±
(4ω2EΩ
xxΩzz + ω2M (F
zz(d12)Ω
xx − F xx(d12)Ωzz)2) 12 ] 12 .
(8)
With these analytical expressions we insert the same ma-
terial parameters, as used for numerics, and calculate the
MSSW dispersion relations. For the profile thickness of
the fundamental surface wave, we take kpz = 0. To sim-
plify the calculation, for the single film and for parallel
films we use hs = t. The analytical results for the MSSW
dispersion relations plotted in Fig. 7 is in a good agree-
ment with numerical results. In the case of the films
with antiparallel ground state magnetization (see Fig.
5), the thickness of the localized MSSW depends on the
propagation direction, and the localization thicknesshs is
smaller when the MSSW propagates in the +x direction.
Thus, using different hs for different propagation direc-
tions, we obtain distinct MSSW dispersions, as shown
in Fig. 7(c). Reversing of the magnetization in both
films reverses the localization thickness hs of the MSSW
propagating in the +x direction, and flips the MSSW
dispersion relations. Despite the relative simplicity and
approximations, our analytical model and obtained re-
sults are in a good agreement with the exact results of
the micromagnetic numeric simulation. In both cases, we
observe that an applied electric field leads to the asym-
metric MSSW dispersion relations, see Figs. 1 and 8.
The slight quantitative difference between the numeric
and analytical results arises due to the approximations
considered in the analytic part.
IV. SPIN WAVE PROPAGATION IN THE
WAVEGUIDE WITH DEFECT
The chiral MSSWs are protected against surface in-
homogeneities and defects if the frequency of MSSW
matches the band gap15. The width of the band gap
is quantified in terms of the difference between minimum
threshold frequencies of VM and MSSW mods, as demon-
strated in Fig. 8(a). Our numerical simulations confirm
this same result. In the calculation we used the sinc field
ha sin(2pifHt)/(2pifHt)y, ha = 1 T, and fH = 25 GHz
applied locally in the left edge of the waveguide (Fig. 9).
Thus, spin waves in the frequency interval of 0 < fH < 25
GHz are excited. Spin waves with the frequencies lower
than the smallest frequency of MSSW mode cannot prop-
agate.
Without electric field (E = 0), the lower frequency
bound of MSSW is about 2.8 GHz see Fig. 1. An embed-
ded defect at the surface of the film induces scattering of
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FIG. 8. Analytically obtained spin-wave dispersion relations
for the applied electric field: Ez = 0 (a), Ez = 3.4 MV/cm
(b) and Ez = −3.4 MV/cm (c).
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FIG. 9. Pictorial representation of MSSW waveguide with
thickness t. The waveguide film is aligned in the x-y plane.
A surface defect is embedded in the center of the waveguide.
The spin-wave propagates along the +x axis and is excited
locally at the left edge of the waveguide.
the spin wave. The scattering process sharply depends on
the frequency of the spin wave f = ω/(2pi). Comparing
the amplitudes of the spin waves in the waveguide with
(Awith) and without (Awithout) the embedded defect, we
numerically evaluate the transmission ratio T and quan-
tify the transmission coefficient of spin waves to describe
the scattering process (Fig. 10). In the gap, T is about 1,
indicating that the bulk of MSSWs can transmit through
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FIG. 10. The transmission ratio T of the MSSW as a function
of frequency. The MSSW propagates through the region with
the defect. No electric field is applied (Ez = 0). The value
T = 1 corresponds to the perfect transmission.
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FIG. 11. Spatial distributions of normalized amplitudes
A(x)/A0 of excited spin-waves along x. Waves are located on
the surface of the waveguide. Frequencies of the waves are
f = 3 GHz (a), 3.9 GHz (b) and 5.6 GHz (c). The amplitude
A is normalized to the maximum value A0 of black squares
line (when there is no defect), and red circles line represents
the MSSW amplitude with defect. The electric field is zero
Ez = 0 .
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FIG. 12. The transmission ratio T of the MSSW as a function
of frequency. The MSSW propagates through the region with
defect and electric field is zero Ez = 3.4 MV/cm.
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FIG. 13. Spatial distributions of the normalized amplitudes
A(x) of spin waves. Waves are located on the surface of the
waveguide. Frequencies of the waves (a) f = 1.7 GHz and (b)
3.9 GHz. The applied electric field Ez = 3.4 MV/cm.
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FIG. 14. The coupling length L between spin waves as a
function of the spin wave frequency f . For parallel films ↑1↑2
or ↓1↓2, L is insensitive to the propagation direction ±x of
SWs. In case of anti-parallel magnetizations of the films ↑1↓2
or ↓1↑2, the SW’s propagation length L is different for (+x
or −x).
the defect without reflection, i.e backscattering is not per-
mitted. The transmission T becomes much smaller than
1 outside the gap, due to the strong reflection from the
defect. We also compare the spatial distributions of Awith
and Awithout in Fig. 11. In the absence of the embedded
defect, the amplitude A decays in the x direction. In
addition, at f = 5.6 GHz (beyond the gap), due to the
interaction between two SWs with different wave-vectors
(MSSW and VM), the amplitude A is not uniform and
oscillates with x. After embedding the defect, we see a
clear signature of the reflection process and the scatter-
ing from defects for f = 5.6 GHz (T = 0.34), whereas
for f = 3 GHz (T = 1), the spin wave entirely transmits
through the defect. Our results are in a good agreement
with the Ref. [15].
Applying an electric field shifts the gap down and thus
decreases the frequency interval with T ≈ 1, as shown
in Fig. 12. In the frequency interval from 1 < f < 3
GHz, the frequency of the MSSW matches the band gap,
and therefore MSSW can transmit through the defect
entirely without reflection (as demonstrated by the am-
plitude A(x) for the frequency f = 1.7GHz (T = 0.96)
in Fig. 13(a)). Outside the band gap, the reflection of
the spin wave at the defect becomes significant (Fig. 12).
The reflection, A(x) at f = 3.9 GHz (T = 0.85) is shown
in Fig. 13(b).
V. SW TRANSFER BETWEEN TWO COUPLED
FILMS: THE ROLE OF THE ELECTRIC FIELD
We consider the dynamics of simultaneously excited
two propagating SW modes. The wave guides are coupled
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FIG. 15. At 4.5 GHz, spatial profiles of amplitudes of prop-
agating SWs in two antiparallel films. The local microwave
field h(t) is applied in the lower film at x = 0. Left and right
panels correspond to opposite magnetization.
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FIG. 16. The electric field Ez = 3.4 MV/cm is applied
to the bottom layer. The frequency of the local microwave
applied to the bottom (or top) film at x = 0 for the right (or
left) panel is f = 1 GHz. The spatial profiles of propagating
MSSW amplitudes are plotted.
through the dipole-dipole interaction. The dipole-dipole
coupling splits the waveguide modes into the symmetric
(acoustic) and asymmetric (optical) mods. The acous-
tic and optical modes may interact and exchange energy.
The transfer of the energy takes place on the charac-
teristic length scale L = pi/∆kx termed as ”coupling
length”10. The coupling length L characterizes the prop-
agation length of the SW excitation in the first waveg-
uide, before transferring the energy to the second waveg-
uide, i.e. ”mean free path” of the SW. The ∆kx is the
difference between the wave vectors of the acoustic and
the optical modes at the same frequency. The simulated
value of the coupling length L depends on the frequency
f of the propagating wave, see Fig. 14. Our results
show that the coupling length L and the energy transfer
process can be controlled through two factors: the direc-
tion of the equilibrium magnetization and the direction
of propagation of SWs. For example, for f = 4.5 GHz,
L ≈ ∞ for (m0,1 = ey and m0,2 = −ey) is much larger
than L = 100 nm for (m0,1 = −ey and m0,2 = ey). The
energy transfer can be switched on and off via switching
the magnetization directions. The propagating SW ex-
cited in the lower film (Fig. 15), is effectively decoupled
from the upper film L ≈ ∞. The energy transmission is
switched as L = 100 nm after reversing the magnetiza-
tion.
Besides, an electric field shifts the SW dispersion re-
lation in the coupled films, and this fact is important
for controlling the transmission properties of the SWs.
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FIG. 17. Spatial profiles of amplitudes of propagating SWs
in two parallel films. P1 and P3 are detected at the left side
of the waveguide (x = −2000 nm), and P2 and P4 are located
at the right side of the waveguide. SWs are excited by the rf
field with the frequency 3.2 GHz.
The electric field E = (0, 0, Ez) applied only to a single
film shifts selectively the dispersion relation solely in this
layer (similar to Fig. 1). Therefore, the SW for a fre-
quency lower than 3 GHz can propagate in the selected
film, while propagation in the second layer is forbidden.
To illustrate this statement, we apply the microwave field
of the frequency f = 1 GHz, to the bottom or top layer
in the vicinity of the region x = 0 and excite the SW.
The constant electric field we apply to the bottom layer
only. SW propagates in the bottom layer, while propaga-
tion in the top layer is restricted, see Fig. 16. Typically,
the chirality leads to a breaking of the inversion symme-
try. The dynamically imposed chirality shows the same
features. The effect we observed for SWs is somewhat
similar to the phenomenon observed in the context of
non-hermetian optics26 (in fact, for narrow waveguides in
the paraxial approximation our models can be mapped
to the PT-symmetric model used for the coupled pho-
tonic waveguides26), and allows us to switch on/off the
propagation of MSSWs in the selected layer.
VI. THE DESIGNING OF THE SPIN WAVE
DIRECTIONAL COUPLER
The functionality of the reconfigurable nanoscale spin
wave directional coupler depends on the structure of the
band gap (efficiently controlled through the electric field)
and the direction of the ground state equilibrium mag-
netization. The direction of the magnetization can be
switched via the external magnetic field or the current-
induced spin-orbit torque (SOT). The SOT has in addi-
tion certain advantages, see Ref. [27] for more details.
Here, we propose a reconfigurable directional coupler
utilizing SOT for controlling the direction of magnetiza-
tion: In parallel coupled films, the dispersion relation, as
well as coupling length L, are the same for the opposite
propagation directions of MSSWs. Thus P1 ≈ P3 and
P2 ≈ P4 reach their maxima or minima synchronous at
the same moment of time, as demonstrated in Figs. 17
and 18. After switching the magnetization distribution
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FIG. 18. Spatial profiles of amplitudes of propagating SWs
in two parallel films. SWs are excited by the rf field with the
frequency 3.44 GHz.
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FIG. 19. Spatial profiles of amplitudes of propagating SWs
in two antiparallel films. SWs are excited by the rf field with
the frequency 3.53GHz.
to the anti-parallel direction, the dispersion relation and
L becomes asymmetric (Fig. 14), and the large differ-
ence between left side output P1/P3 and right side out-
put P2/P4 develops, as is demonstrated in Figs. 19 and
20.
The external electric field Ez applied to both films
shifts the SW dispersion (see Eqs. (7) and (8)), as demon-
strated in Fig. 21. Shifting of the dispersion relations
changes the value of L, leading to the electrically recon-
figurable directional coupler . In Figs. 22 and 23 the out-
put Pi is plotted for the electric field Ez = 0.34 MV/cm,
whereas in (Figs. 19 and 20) the electric field is zero, and
the value of the output Pi is different.
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FIG. 20. Spatial profiles of amplitudes of propagating SWs
in two antiparallel films. SWs are excited by the rf field with
the frequency 4.24GHz.
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FIG. 21. Analytically derived spin-wave dispersion relations
with Ez = 0.34 MV/cm (open dots) and without electric field
(solid dots), in the coupled parallel (a) and antiparallel (b)
films.
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FIG. 22. Spatial profiles of amplitudes of propagating SWs
in two antiparallel films. The frequency of the rf field is 3.53
GHz, and the amplitude of the external electric field Ez =
0.34 MV/cm.
We note that the magnetization moments in four differ-
ent regions (Fig. 6) near the output terminals accept the
selective individual control, and this is a definite advan-
tage of the functionality of proposed directional coupler.
The control is achievable through the current-induced
spin-orbit torque and external magnetic field. In Figs.
24 and 25, we show amplitudes of propagating MSSWs
in the anti-parallel films with magnetic domain walls lo-
cated near the center (x = 0). SWs propagating in +x
and −x directions share the same chirality, and thus
we obtain symmetric outputs in anti-parallel films, i.e.
P1 = P2 and P3 = P4.
For an experimental realization we suggest the follow-
ing schemes for exciting spin waves with wave-vectors
up to 0.04 nm−1. The emergent net ferroelectric po-
larization coupled (through the magneto-electric cou-
pling) to the external electric field mimics an effective
DM term. Thus, the applied nonuniform electric field
is equivalent to the nonuniform DM term and leads to
a particular type of the torque termed as inhomoge-
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FIG. 23. Spatial profiles of amplitudes of propagating SWs
in two antiparallel films. The external electric field Ez = 0.34
MV/cm, and the frequency of the rf field is 4.24 GHz.
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FIG. 24. Spatial profiles of amplitudes of propagating SWs
in two antiparallel films with domain walls. The frequency of
the rf field is 3.34 GHz.
neous electric torque19. The expression of the inhomo-
geneous electric torque is similar to the spin-transfer
torque lEm × (m × pE). The vector pE = x × ei,
ei=x,y,z points to the direction of the electric field, and
the electric field gradient ∂xEi determines the coefficient
lE = −γcE∂xEi/(µ0Ms). Therefore, the applied oscil-
lating inhomogeneous electric field Ey = 0(x < 0) and
Ey = E1(t)(x > 0), with pE = z at x = 0, leads to an
oscillating electric torque, excites the magnetization os-
cillation at x = 0 and short-wavelength spin waves. The
inhomogeneous electric field can be realized by a com-
bination of uniform electric field and a normal metallic
cap layer shielding the region x < 0. Besides, via the
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FIG. 25. Spatial profiles of amplitudes of propagating SWs
in two antiparallel films with domain walls. The frequency of
rf field is equal to 3.52 GHz.
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FIG. 26. Generation of the anti-parallel ground state. In
the schematics (upper panel), a Pt spacer is placed between
two dipolarly coupled films (FMs). Injecting an electronic
current jPt in −x direction, and applying opposite spin Hall
torques on two films with parallel initial state, reverses the
magnetization of one film (M2 in this figure) after dozens of
nanoseconds. The switching process (time dependence of My)
is demonstrated in the lower panel.
microwave magnetic field from antennas, one can excite
large wavelength spin-waves in the region of a large inter-
nal effective magnetic field. The wavelength of the wave
becomes smaller as soon as the wave crosses the region of
the lower internal effective magnetic field. This method
was proposed in Ref. [28]. The different effective mag-
netic fields can be achieved by changing the geometry
of the sample, attaching an exchange bias layer to the
part of the magnetic layer, or covering the waveguide by
the superconducting material (at the temperature below
T < Tc).
VII. SWITCHING OF THE STATIC
MAGNETIZATION
For practical realization, we suggest using the spin Hall
torque for switching the magnetization in coupled films.
As is shown in Fig. 26, the Pt spacer with electronic cur-
rent jPt in −x direction generates the spin Hall torques
γcjM × σ × m. Here, σ = ∓z × jPt represents the
polarization direction, the coefficient cj is proportional
to the electronic current density in Pt, and −z and +z
correspond to the bottom and the top layers. Also, we
consider a small anisotropy constant Ky = 3500 J/m
3
(axis is along y) in both films. Torques have opposite
directions in layers and M1,2 tends to be aligned along
the ±y direction. For cj = 790 A/m, switching of mag-
netizations induced by the spin Hall torque is shown in
Fig. 26. In dozens of nanoseconds the state with paral-
lel magnetizations is switched to the anti-parallel state.
After turning off the electric current, the system stays in
anti-parallel state. By applying a strong enough uniform
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FIG. 27. Generation of the anti-parallel domain wall state.
Two independent Pt spacer layers (see top panel) are embed-
ded between two films (FMs). After injecting jPt with differ-
ent directions in two Pt layers, the induced spin Hall torque
generates the desired domain wall structure. The switching
process (time dependence of My) is demonstrated in the lower
panel, and the gap between two Pt layers along x axis is 200
nm.
magnetic field, one can easily switch the state back to
the parallel state.
To generate the desired configuration of magnetic do-
main walls, we use the spin Hall torque, as demonstrated
in Fig. 27. Two Pt layers with opposite electric currents
generate opposite torques in two edges of the single film.
The torques are also opposite in different films. The spin
Hall torques with cj = 790 A/m generate the particular
structure of domain wall as studied here, e.g. in Fig. 27.
The magnetic domain walls are stable after the electric
current is turned off.
VIII. CONCLUSIONS
Magnetostatic surface waves and surface waves propa-
gating in coupled parallel wave guides are prototype ex-
amples of the simplest integrated magnonic circuits. The
surface waves coupled through the dipole-dipole interac-
tion periodically exchange energy. For a high fidelity of
magnonic gates, the process of energy exchange should
be well under control. In the present work, we proposed a
particular type of surface wave magnonic gate controlled
through an external static electric field. By varying the
strength or direction of electric field, it is possible to shift
selectively the chiral MSSW dispersion relation in cou-
pled waveguide. The fact is used for manipulation of
the propagation and transfer of the SWs in waveguides.
Combining this effect, we propose an electrically recon-
figurable nanoscale spin wave directional coupler, and its
outputs can be selectively changed via controlling the
electric field or magnetization. The adopted electric field
is easy to realize and control, which is helpful for design-
10
ing high fidelity surface wave magnonic devices.
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